Aim TTo assess the effects of preoperative calcium levels and parathyroidectomy on estimated glomerular filtration rate (eGFR) in patients with primary hyperparathyroidism (PHPT) with mild renal dysfunction or normal renal function.
Primary hyperparathyroidism (PHPT) is a common endocrine disorder characterized by hypercalcemia and high or inappropriately normal parathyroid hormone (PTH) levels (1) . It is most frequently caused by a single parathyroid adenoma, followed by parathyroid gland hyperplasia and parathyroid carcinomas (2) . Patients with PHPT experience renal complications such as nephrolithiasis and hypercalciuria (3) . Furthermore, in these patients high serum calcium and PTH levels may negatively affect the renal function (3) . Although chronic renal failure mainly leads to secondary hyperparathyroidism, about 16%-17% of patients with PHPT have low glomerular filtration rates (eGFR<60 mL/min/1.73 m 2 ) (1, 4) . Thus, a decrease in eGFR can be expected during a course of untreated PHPT. An eGFR below 60 mL/min/1.73 m 2 is a surgical indication for parathyroidectomy (5) . While some studies (5, 6) reported that parathyroidectomy improved renal function in PHPT patients with eGFR below 60 mL/min/1.73 m 2 pre-surgery, others reported no effect (7) (8) (9) (10) (11) (12) . However, the effect of parathyroidectomy on eGFR in patients with eGFR≥60 mL/ min/1.73 m 2 is not clear due to the scarcity of the studies on this issue (1, 4, 5, 13, 14) . Moreover, the existing studies differ in terms of patient selection and methodology and report different factors affecting GFR. The aim of the present study was to assess the effects of preoperative calcium levels and parathyroidectomy on renal function in patients with PHPT, with mild renal dysfunction or normal renal function.
PatientS and methodS

Study population
We retrospectively reviewed the records of all patients who underwent surgery due to PHPT in the General Surgery Department of the Ondokuz Mayis University Hospital from 2010 to 2018. All patients had histologically and pathologically confirmed parathyroid adenoma. None of the patients had advanced kidney failure (eGFR<60 mL/min/1.73 m 2 ). All the surgeries were performed by the same surgical team. The pre-parathyroidectomy eGFR level ≥60 mL/min/1.73 m 2 was used to eliminate the effects of moderate to severe renal insufficiency on the PTH hormonal axis. where SCr is serum creatinine (in mg/dL), К is 0.7 for women and 0.9 for men, α is -0.329 for women and -0.411 for men, min is the minimum of SCr/κ or 1, and max is the maximum of SCr/κ or 1.
Statistical analysis
The normality of distribution was tested either by Shapiro-Wilk or Kolmogorov-Smirnov tests according to the number of participants in the total group and subgroups. The results are presented as mean ± standard deviation or me-dian and interquartile range (IQR). The significance of differences between the groups for unpaired samples (eGFR and calcium groups) was tested with the Mann-Whitney U test or independent sample t test and for paired samples (pre-post PTX comparisons) with the Wilcoxon's test or paired t test, where applicable. The significance of differences between the categorical variables was assessed with the chi square test or Fisher exact test, where applicable. The correlation between continuous variables was assessed with the Pearson correlation test or Spearman correlation test, where applicable. Multiple linear regression was used to evaluate independent predictors of eGFR change. Backward elimination method in multiple linear regression was used to predict the most significant model that ex-plains the factors related to eGFR change. The level of significance was set at P ≤ 0.05. The analysis was conducted with SPSS, version 25.0 (IBM Corp., Armonk, NY, USA).
ReSultS
The mean age was 52.8 ± 12.1. Hypertension was present in 40.8%, diabetes mellitus (DM) in 16.9%, and nephrolithiasis in 18.3% patients. The mean eGFR was 97.7 ± 19.5 mL/min before parathyroidectomy and 95.5 ± 19.8 mL/min after parathyroidectomy. Serum calcium and PTH significantly decreased after parathyroidectomy, serum creatinine and 25(OH)D 3 significantly increased, while eGFR did not change significantly (Table 1) . The low eGFR group and normal eGFR group did not significantly differ in sex, nephrolithiasis rate, and DM rate. However, the low eGFR group had a significantly higher hypertension rate (P = 0.017) and was significantly older (P < 0.001). The low eGFR group also had significantly higher pre-parathyroidectomy 25(OH)D 3, pre-parathyroidectomy calcium, and post-parathyroidectomy creatinine, and significantly lower post-parathyroidectomy eGFR ( Table 2 ). In the normal eGFR group, eGFR was significantly reduced after parathyroidectomy (P = 0.005) but in the low eGFR group it did not change significantly (P = 0.522, paired sample t test, data not shown).
There were 4 patients with unchanged, 22 patients with decreased, and 45 patients with increased postoperative eGFR levels.
The low calcium group and high calcium group did not significantly differ in sex and DM rate. The high calcium group had significantly higher mean age, nephrolithiasis rate, and hypertension rate. It also had significantly higher creatinine and calcium levels both before and after parathyroidectomy, and significantly lower pre-parathyroidectomy eGFR ( Table 3 ). In the low calcium group, eGFR did not change after parathyroidectomy (P = 0.850), but in the Table 5 ). All these variables, except baseline serum creatinine, were independent predictors of eGFR change.
diSCuSSion
This study points to an association between mild renal dysfunction in PHPT and older age, hypertension, and high serum calcium levels. In addition, older age, high basal eGFR, and high basal calcium levels were associated with a decrease in eGFR after surgery. Our findings are in accordance with those reported in previous research, which also found an association between low eGFR and hypertension, older age, and high calcium levels, although these studies included patients with lower eGFR (1, 4) .
The most recent guideline on the management of asymptomatic PHPT confirmed 60 mL/min/1.73 m 2 as the renal impairment threshold for parathyroidectomy, which is equivalent to stage 3 chronic kidney disease. Below this level, decreased renal function may negatively affect PTH levels (16, 17) . However, some studies reported secondary increases in PTH levels and PHPT exacerbation at an eGFR threshold ranging from 30 to 70 mL/min/1.73 m 2 (17) (18) (19) .
These differences might be explained by the methodological differences and different number of participants between the studies. The present study included patients with eGFRs ≥60 mL/min/1.73 m 2 to eliminate the impact of renal dysfunction on PTH levels.
Several previous studies investigated the effects of parathyroidectomy on renal impairment. In patients with decreased renal function (eGFR<60 mL/min/1.73 m 2 ), parathyroidectomy did not improve eGFR (6-12,19-21) but it did halt eGFR deterioration (4, 5, 19) . Our study showed for the first time that patients with eGFR between 60 and 90 mL/min/1.73 m 2 had a preserved renal function, whereas those with eGFR≥90 mL/min/1.73 m 2 had a decreased eGFR in post-parathyroidectomy period.
Nair et al (4) reported an increased prevalence of renal dysfunction when calcium levels exceeded 12 mg/dL. The risk of developing renal failure was increased 13.8-fold even in mild PHPT (mean calcium: 10.5 mg/dL) (22) . To the best of our knowledge, this is the first study to evaluate the impact of pre-surgery calcium levels on pre-and post-surgery eGFR by dividing the patients according to their calcium levels. The results revealed that the high calcium group had significantly low eGFR and more common renal injury after parathyroidectomy than the low calcium group. This finding may be explained by the presence of PTH, a potent vasodilator of renal arteries and arterioles. Therefore, increased PTH levels in PHPT may lead to increased glomerular flow and increased GFR (14, (23) (24) (25) . In previous studies, increased pre-glomerular resistance after abrupt parathyroidectomy-related decreases in PTH levels was associated with acute renal injury (14, (24) (25) (26) . Although we found no association between PTH levels and eGFR change 3-6 months after surgery, calcium levels were related to eGFR changes.
The post-parathyroidectomy eGFR decrease was more frequent in the normal eGFR group and high calcium group. This is not a contradiction because, despite parathyroidectomy, calcium remained higher in the high calcium group than in the low calcium group. Also, there were more patients in the high calcium group with a decrease in their eGFR postoperatively most probably due to the effect of abruptly falling PTH levels. There was no difference in calcium levels between the low eGFR group and the normal eGFR group in the postoperative period.
The known causes of renal dysfunction include hypertension, DM, and renal complications. Some studies reported a significantly high prevalence of DM and hypertension among PHPT patients (4, 27, 28) . In our study, there was no significant difference between the groups in the DM rate. In addition, the patients were evaluated as soon as 3-6 months after surgery to minimize the effects of chronic disease processes such as DM and hypertension on eGFR. A longer follow-up interval after surgery might have provided misleading information on eGFR changes. Some previous studies observed transient changes in renal function in patients with PHPT in the first 48 hours after parathyroidectomy, which continued for up to 6 months (22, 29) . In our patients, there were no major surgical complications, such as severe hypotension. Therefore, the time interval in the present study was long enough to allow renal recovery after surgery.
Most previous studies that evaluated the association between PHPT and eGFR did not classify the patients according to their pathological diagnosis (parathyroid adenoma or hyperplasia). We included only patients with parathyroid adenoma. Although there are several studies on PHPT and eGFR, no other study evaluated the eGFR changes after parathyroidectomy according to pre-operative calcium levels. We believe that this study elucidates the effects of parathyroidectomy and pre-operative hypercalcemia on eGFR more clearly in a specific group of patients with parathyroid adenoma and eGFR level ≥60 mL/min/1.73 m 2 .
Our study has several limitations, most notably its retrospective design and short evaluation time. In all the eGFR calculations, we used a single creatinine level, which may not reflect the actual eGFR. Our sample size was limited because of our strict inclusion criteria. Further studies on the effects of parathyroidectomy in a larger group of patients with eGFR ≥60 mL /min/1.73 m 2 are needed to confirm our results and further explain the etiology of renal dysfunction in PHPT and eGFR changes post-surgery.
In conclusion, we believe that these data provide new insight into the effect of hypercalcemia and parathyroidectomy on pre-and post-parathyroidectomy eGFR levels. Mild renal dysfunction in PHPT was associated with older age, hypertension, and high serum calcium levels. Age and pre-parathyroidectomy eGFR and calcium levels were predictors of eGFR changes after surgery. In addition, older age, high baseline eGFR, and high baseline calcium levels were associated with eGFR decrease after surgery.
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